Human telomeric DNA is composed of GGGTTA repeats. The presence of consecutive guanines makes the telomeric G-strand prone to fold into contiguous (or tandem) G-quadruplexes (G4s). The aim of this study was to provide a clarified picture of the stability of telomeric tandem G4 structures as a function of the number of G4 units and of boundary sequences, and an understanding of the diversity of their melting behaviors in terms of the single G4 units composing them. To this purpose we undertook an UVspectroscopic investigation of the structure and stability of telomeric repeats potentially able to fold into up to four contiguous G4s, flanked or not by TTA sequences at their 5 0 and 3 0 extremities. We explain why the stability of (GGGTTA) 4mÀ1 GGG structures (m ¼ 2, 3, 4 …) decreases with increasing the number m of G4 units, whereas the stability of TTA-(GGGTTA) 4mÀ1 GGG-TTA structures does not. Our results support that the inner G4 units have similar stabilities, whereas the stabilities of the terminal G4 units are modulated by their flanking nucleotides: in a TTA-(GGGTTA) 4mÀ1 GGG-TTA tandem context, the terminal G4 units are roughly as stable as the inner G4 units; while in a (GGGTTA) 4mÀ1 GGG tandem context, the G4 at the 5 0 extremity is more stable than the G4 at the 3 0 extremity, which in turn is more stable than an inner G4. Our study provides new information about the global and local stability of telomeric tandem G4 structures under near physiological conditions.
Introduction
Telomeres are nucleoprotein complexes that cap the extremities of eukaryotic linear chromosomes. They ensure genome stability by providing a solution to the end-replication problem and to the endprotection problem [1, 2] . In most eukaryotes, telomeric DNA is composed of tandem repeats of a short motif bearing consecutive guanines running from 5 0 to 3 0 [3] , and ends with a single-stranded 3 0 -overhang. The presence of clusters of guanines makes the telomeric G-rich strand and, in particular, the 3 0 single-stranded overhang prone to fold into G-quadruplexes [4] . G-quadruplexes (or G4s) are a family of four-stranded structures resulting from the formation and stacking of tetrads of hydrogen-bonded guanines and stabilized by several cations, notably by the physiological relevant cations sodium and potassium.
Several cellular studies indicate that G4s may form at telomeres. In hypotrichous ciliates, telomeric 3 0 -overhangs form G4s that link together the gene-sized chromosomes of the macronucleus (for review [5] ). In budding yeasts, G4s appear to be involved in telomere capping, at least when natural capping is impaired [6] . In mammalian cells, indirect evidence suggests that G4s may occur at telomeres during replication and at the 3 0 -overhangs, challenging telomere maintenance, at least in the absence of proteins able to unfold G4s or in the presence of ligands able to stabilize these structures [7e10] . Telomeric G4s modulate in vitro telomerase activity [11e13] and binding of other proteins involved in telomere biology, as recently demonstrated by single-molecule approaches [14, 15] .
It is well established that four repeats of the human telomeric motif GGGTTA fold, in vitro, into a variety of G4 conformations [16e23] . Nevertheless, the high number of GGGTTA repeats makes the human telomeric G-strand potentially apt to fold into contiguous (or tandem) G4s, formed by the 21mer sequence (GGGTTA) 3 GGG and connected by TTA linkers, in particular at the 3 0 -overhangs (200 nucleotide average length [24, 25] ). Contiguous G4s are attractive structures for the design of telomere specific small ligands, with the ability to discriminate between isolated single G4s and contiguous G4s [26, 27] . Do long telomeric strands actually fold into contiguous G4s? And how stable these structures are?
An early study from Yu et al. on (TTAGGG) n¼4e12 sequences suggested that structures formed by eight and twelve repeats are more ordered than the others and a model of non-interacting contiguous G4s was proposed [28] . Formation of a higher-order architecture consistent with contiguous G4s was then revealed by atomic force microscopy [29] . A later in vitro study brought additional evidence of folding into two and three contiguous G4s [30] . Recently, structural investigations by nuclear magnetic resonance of individually labeled G4 units provided some insights into the conformations of the different G4 units in a tandem context [31, 32] .
To date only a few studies provided some data about the global stability of structures formed by long telomeric strands. Vorlickova et al. reported that the thermal stability of the structures formed by (GGGTTA) n¼1e16 GGG sequences depends on the number of repeats [33] . Nevertheless, the authors did not provide evidence of folding into contiguous G4s, hence it is not clear if the decrease in stability upon increasing the number of potential G4 units results from irregular folding of long telomeric strands or from other reasons. Bauer et al. reported that (GGGTTA) 7, 11 GGG structures display the same thermal stability and fold, each, into more than one conformers; they argued that the end of telomeres can form only a few tandem G4s (fewer than three) [34] . Petraccone et al. reported that (TTAGGG) 8, 12 and (TTAGGG) 8, 12 TT sequences fold into two and three contiguous G4s and that the global structures display identical melting temperatures and complex melting behaviors; they suggested that the G4 units are not identical nor independent and that unfavorable interactions of an unknown nature could limit complete folding of the telomeric overhang into contiguous G4s [30] .
Overall, the published data do not yet allow drawing a clear picture of the stability of structures formed by sequences mimicking the telomeric 3 0 -overhang and, moreover, no study has provided an understanding of the observed melting behaviors. Major questions are still open. Does the global stability of these structures depend on the number of G4 units? If yes, why? Do the G4 units interact between them? Does the stability of a G4 unit depend on its position along the tandem structure? Answering to these questions will provide information about the possibility of folding of the telomeric 3 0 -overhang into contiguous G4s and about the global and local stability of these higher-order structures.
In this work, we present a systematic study aiming at the comprehension of the stability of telomeric tandem G4 structures. We carried out an UV-spectroscopic investigation of the structures and stabilities of telomeric repeats potentially able to fold into up to four contiguous G4s, flanked or not by TTA sequences at their 5 0 and 3 0 extremities. Besides extending the characterization of telomeric sequences to four potential G4 units, our study brings an original contribution to the comprehension of the stability of tandem G4 structures formed by long telomeric strands. Our work allows explaining their stability as a function of the number of G4 units and of boundary sequences in terms of the single G4 units composing them. Our work provides a framework to interpret the apparent diversity and complexity of melting behaviors of structures formed by long telomeric sequences in terms of the single G4 units composing them. PAGE purified oligonucleotides (H21, H45, H69, H93, H51, H75  and H99) and Reverse-Phase CartridgeGold™ purified   oligonucleotides (H21-TTA, TTA-H21-TTA, TTA-H21, TTA-H45, H45-TTA, H21-(TTA) 2 -H21 and H21-(TTA) 3 -H21) were purchased from Eurogentec (Belgium), dissolved in bi-distilled water at a concentration of 200 mM and stored at À20 C. Concentrations were determined by ultraviolet absorption in bi-distilled water, using molar extinction coefficients provided by the manufacturer.
Material and methods

Oligonucleotides
Spectroscopic measurements
Oligonucleotide samples were prepared in a 10 mM cacodylic acid buffer at pH 7.2 (adjusted with LiOH), containing 100 mM NaCl or KCl. Ultraviolet (UV) absorption spectra and UV absorption measurements as a function of temperature were recorded on an Uvikon XL spectrophotometer (Secomam), equipped with a circulating water bath (Julabo) and with a dry airflow in the sample compartment. For melting profiles, samples were heated at 95 C for 2 min, cooled at 5 C, kept at 5 C for 1 h, heated at 95 C and cooled again at 5 C, at a rate of 0.2 C min À1 ; the absorbance was recorded at 245, 260, 273, 295 and 335 nm, every 5 min. Temperature was measured with a glass sensor immersed into a water filled quartz cell. Melting profiles were corrected by subtracting the absorbance at 335 nm as a function of temperature. Thermal difference spectra (TDS) [35] were obtained by subtracting the absorbance spectrum at 5 C (after annealing at 0.2 C min À1 ) from the one at 95 C. Circular dichroism (CD) spectra were recorded on a J-810 spectropolarimeter (Jasco), at 5 C, after annealing at 0.2 C min
À1
. Each CD spectrum was obtained by averaging three scans at a speed of 500 nm min À1 and was corrected by subtracting the spectrum of a solvent filled quartz cell. All measurements were carried out in quartz cells (Hellma) with an optical pathway of 1 cm; a layer of mineral oil prevented solution evaporation. Each melting experiment was performed at least twice, melting profiles and melting temperature values were reproducible.
Analysis of thermal melting curves
Melting curves were analyzed as described by Mergny and Lacroix [36] . Melting temperatures (T m ) were graphically determined as the intercept between the melting curves and the median lines of low-temperature and high-temperature absorbance linear baselines. Melting transitions of the single G4s formed by H21-TTA, TTA-H21-TTA and H21-TTA oligonucleotides were analyzed according to a two-state model, assuming DH 0 and DS 0 independent of temperature. The oligonucleotide folded fraction f was determined by the melting profile, normalized between 0 and 1, assuming linear low-and high-temperature absorbance baselines.
The enthalpy and entropy changes upon folding, DH 0 and DS 0 , were determined by a linear fit of Ln K f vs À1/T (where
and T is the absolute temperature) according to the van't Hoff equation
0 /R (where R is the ideal gas constant), in the temperature range corresponding to 0.10 < f < 0.90. The Gibbs free energy change upon folding, DG 0 (T), was determined by the
For these three sequences, fitting according to a two-state model was satisfactory (the correlation coefficients for linear fits of Ln K f vs À1/T were greater than 0.99).
Polyacrylamide gel electrophoresis
Oligonucleotide samples were prepared in a 10 mM cacodylic acid buffer at pH 7.2 (adjusted with LiOH), containing 100 mM NaCl or KCl, at strand concentrations corresponding to 60 mM of potential G4 units (60 mM of H21, 30 mM of H45 and H51, 20 mM of H69 and H75, 15 mM of H93 and H99). Samples were heated at 90 C for 2 min and slowly cooled at 4 C, supplemented with sucrose (10%), and loaded (10 ml) into a 16.5 cm Â 14.5 cm Â 0.1 cm 12% polyacrylamide gel (acrylamide:bisacrylamide 19:1) prepared in a TBE buffer containing 20 mM NaCl or KCl. Electrophoresis was run in a cold room at 4 C, for 2 h and 30 min, at 3 W per gel, in a TBE buffer supplemented with 20 mM NaCl or KCl. The temperature of the gel, during electrophoresis, was about 15 C. Oligonucleotides were detected by UV-shadow at 254 nm with a G:BOX (Syngene).
Results
Formation and stability of contiguous G4s by (GGGTTA) 7,11,15 GGG sequences
We first investigated the behavior of (GGGTTA) 3, 7, 11, 15 GGG sequences (named H21, H45, H69 and H93, respectively), potentially able to fold into one, two, three and four contiguous G4s, respectively (Table 1 ). To date, spectroscopic evidence of folding of telomeric strands into up to four contiguous G4s has not yet been reported. In order to ascertain folding into contiguous G4s, we compared thermal difference spectra (TDS) [35] and circular dichroism (CD) spectra of the different oligonucleotides. We worked in a 100 mM KCl buffer, at the following strand concentrations:
6 mM for H21, 3 mM for H45, 2 mM for H69 and 1.5 mM for H93. These concentrations correspond to an identical concentration (6 mM) of potential G4 units for each oligonucleotide. We recorded CD spectra and low temperature absorption spectra for TDS at 5 C; at this temperature H21 is completely structured. Under these conditions, H21, H45, H69 and H93 displayed TDS and CD spectra of very similar shapes and amplitudes ( Fig. 1A and B ). Since for a given oligonucleotide structure, the amplitudes of TDS and CD spectra are proportional to the concentration of the structure, this result supports that the concentrations of G4 units in H45, H69 and H93 samples are identical to the one of H21 (6 mM). In other words, this means that H45 folds into two G4 units per strand (6 mM of G4 units/3 mM of H45 strand), H69 folds into three G4 units per strand (6 mM of G4 units/2 mM of H69 strand) and H93 folds into four G4 units per strand (6 mM of G4 units/1.5 mM of H93 strand). In a nondenaturing polyacrylamide gel electrophoresis (PAGE) experiment, each of the three oligonucleotides H45, H69 and H93 migrated as a well-defined single band (Fig. 2) ; this further supports folding of each oligonucleotide into a single stable conformer.
Once established that (GGGTTA) 7, 11, 15 GGG (i.e. H45, H69 and H93) fold into two, three and four contiguous G4, respectively, we wondered why their thermal stability decreases upon increasing the number of G4 units (68, 59, 56 and 54 C for H21, H45, H69 and H93, respectively) (Fig. 1C ). H69 and H93 tandem structures clearly display complex melting profiles (the first derivative of their absorbance with respect to temperature has a peak at 61 C and a shoulder around 40 C), suggesting that they may be composed of G4 units of different stabilities. When representing the G4 structures formed by (GGGTTA) 3, 7, 11, 15 GGG sequences as the sum of G4 units suitably flanked by TTA sequences (Fig. 3A) , it is notable that they are not equivalent in terms of G4 units composing them. (GGGTTA) 3 GGG (H21) is an individual G4 without TTA flanking sequences. (GGGTTA) 7 GGG (H45) is composed of two different G4 units: one flanked by a TTA tail at its 3 0 side (H21-TTA) and one flanked by a TTA tail at its 5 0 side (TTA-H21). (GGGTTA) 11 GGG (H69) is composed of three different G4 units: the two terminal G4 units H21-TTA and TTA-H21, and a central G4 unit flanked by a TTA tail at both its sides (TTA-H21-TTA). And so forth: a (GGGTTA) 4mÀ1 GGG tandem G4 structure (where m ¼ 2, 3, 4, … corresponds to the number of G4 units) is composed of the two terminal G4 units H21-TTA and TTA-H21, and of m À 2 central G4 units TTA-H21-TTA. It is known that flanking nucleotides affect the conformation of the G4 formed by the H21-core sequence (for review [37] ); they may also affect its stability [22, 38] . We hence wondered if the global stability of tandem G4 structures may be explained solely in terms of the impact of TTA flanking tails on the single G4 units composing them. To answer to this question, we first investigated the influence of TTA tails on the stability of an individual telomeric G4 and we verified if the tandem G4 structures formed by (GGGTTA) 7, 11, 15 GGG sequences are equivalent to the sum of non-linked single G4 units, suitably flanked by TTA tails as represented in Fig. 3A. 3.2. Influence of TTA tails on the stability of an individual telomeric G4 and comparison of (GGGTTA) 7, 11, 15 GGG structures with the sum of non-linked G4 units
We studied the impact of TTA tails on the stability of the G4 structure formed by the H21-core sequence. Three sequences were studied: H21-TTA, mimicking a G4 unit at the 5 0 end of a (GGGTTA) 4mÀ1 GGG tandem structure; TTA-H21-TTA, mimicking an inner G4 unit in a tandem context; and TTA-H21, mimicking a G4 unit at the 3 0 end of a (GGGTTA) 4mÀ1 GGG tandem structure, as represented in Fig. 3A (sequences are reported in Table 1 ). In all cases, the TTA flanking tails destabilized the G4 structure, but the extent of destabilization depended on their position: H21-TTA was more stable than TTA-H21 (65 C vs 60 C), while TTA tails at both sides (TTA-H21-TTA) destabilized to the larger extent (55 C) (Fig. 4A) . Likely a TTA tail, depending on its position (5 0 side, 3 0 side or both sides), drives the folding of the whole sequence into different G4 conformations characterized by different stabilities, as suggested by nuclear magnetic resonance (NMR) studies on TA-H21, H21-T(T) and (T)TA-H21-TT sequences [17,19e22,32] . The impact of TTA tails on the stability of an individual G4 suggests that, in the G4 tandem structures formed by (GGGTTA) 4mÀ1 GGG sequences (m ¼ 2, 3, 4, …), the 5 0 terminal G4 (mimicked by H21-TTA) has a higher stability than the 3 0 terminal G4 (mimicked by TTA-H21), while the inner G4 units (mimicked by TTA-H21-TTA) have the lowest stability (Fig. 3A) . This explains the decrease in melting temperature with increasing the number of G4 units for (GGGTTA) 3 , 7,11,15 GGG oligonucleotides. (GGGTTA) 7 , GGG (H45) is less stable than (GGGTTA) 3 GGG (H21) because it is composed of two G4 units (H21-TTA and TTA-H21), which have both a lower stability (65 C and 60 C) than (GGGTTA) 3 GGG (H21) (68 C). (GGGTTA) 11 GGG (H69) is less stable than (GGGTTA) 7 GGG (H45) because, in addition to the two terminal G4 units H21-TTA and TTA-H21, it bears an inner G4 unit (TTA-H21-TTA) of lower stability (55 C). Finally (GGGTTA) 15 GGG (H93) is less stable than (GGGTTA) 11 GGG (H69) because it bears an additional central unit (TTA-H21-TTA) of low stability. This effect can be observed in the melting profiles of mixtures of G4 monomers representing H45, H69 and H93 tandem structures: the T m of the mix H21-TTA þ TTA-H21 (representing H45) is higher than the T m of the mix H21-TTA þ TTA-H21-TTA þ TTA-H21 (representing H69), which, in turn, is higher than the T m of the mix H21-TTA þ 2x(TTA-H21-TTA) þ TTA-H21 (representing H93) (Fig. 4B ).
In conclusion, the impact of TTA flanking tails on the stability of a single G4-core qualitatively accounts for the decrease in thermal stability with increasing number of G4 units for structures formed by (GGGTTA) 3, 7, 11, 15 GGG sequences. To further verify this hypothesis, we studied TTA-(GGGTTA) 7, 11, 15 GGG-TTA sequences.
3.3. Formation and stability of tandem G4 by TTA-(GGGTTA) 7, 11, 15 GGG-TTA sequences Unlike (GGGTTA) 4mÀ1 GGG sequences, TTA-(GGGTTA) 4mÀ1 GGG-TTA sequences are composed of potential G4 units that are identical in term of flanking sequences. Indeed each G4 unit, inner as well as terminal, is flanked by a TTA tail at both its 5 0 and 3 0 sides, as represented in Fig. 3B . Hence, if a G4 unit in a tandem context is affected by and only by its flanking TTA tails, then the structures formed by TTA-(GGGTTA) 4mÀ1 GGG-TTA sequences should display similar melting profiles, unlike (GGGTTA) 4mÀ1 GGG sequences. To ascertain this assumption, we studied the following sequences: TTA-(GGGTTA) 7, 11, 15 GGG-TTA (named H51, H75 and H99, respectively, as reported in Table 1 ).
First, we ascertained by TDS and CD that TTA-(GGGTTA) 7,11,15 GGG-TTA sequences (i.e. H51, H75 and H99) folded into contiguous G4s, as done for (GGGTTA) 7, 11, 15 GGG sequences. The TDS and CD spectra of H51, H75 and H99 at 3, 2 and 1.5 mM strand concentration, respectively, were identical in shape and intensity to Fig. 1 . Structure and stability of (GGGTTA) n¼3,7,11,15 GGG oligonucleotides. (A) TDS, (B) CD spectra at 5 C, (C) melting profiles at 295 nm (normalized between the minimum and the maximum of absorbance) of H21 (n ¼ 3, black bold line), H45 (n ¼ 7, blue line), H69 (n ¼ 11, red line) and H93 (n ¼ 15, green line), in 100 mM KCl, at strand concentrations corresponding to 6 mM of potential G4 units (H21: 6 mM, H45: 3 mM, H69: 2 mM, H93: 1.5 mM). the ones of H21 at 6 mM strand concentration ( Fig. 5A and B) . This proves that H51, H75 and H99 fold into two, three and four contiguous G4s, respectively. The non-denaturing PAGE migration pattern further supports folding of each of the three oligonucleotides H51, H75 and H99 into a single stable conformer (Fig. 2) . Unlike H45, H69 and H93 sequences, the structures formed by H51, H75 and H99 displayed identical melting temperatures (50 C) (Fig. 5C ). This supports that, unlike (GGGTTA) 7,11,15 GGG structures, TTA-(GGGTTA) 7,11,15 GGG-TTA tandem G4 structures are composed of G4 units of similar stabilities.
Overall, our data on (GGGTTA) 3,7,11,15 GGG and TTA-(GGGTTA) 3,7,11,15 GGG-TTA sequences further support that the stability of a G4 unit in a tandem context is mainly affected by its TTA flanking tails. This explains why the T m of (GGGTTA) 7, 11, 15 GGG structures decreases upon increasing the number of G4 units, whereas the T m of TTA-(GGGTTA) 7, 11, 15 GGG-TTA structures is independent of the number of G4 units.
Influence of the length of the linker connecting two G4 units on the stability of a tandem structure
In order to confirm that the trinucleotide TTA flanking sequences are the major determinants of the stability of a G4 unit in a tandem context, we studied the following sequences: H21-(TTA) n -H21 where n ¼ 1, 2, 3 ( Table 1 ). These sequences fold into two contiguous G4 units, separated by one (n ¼ 1), two (n ¼ 2) or three (n ¼ 3) TTA repeats (for n ¼ 1, the sequence is the telomeric sequence H45). The global stability of the tandem G4 structures formed by these sequences did not depend on the number of TTA repeats separating two adjacent G4 units (Fig. 6 ). This suggests that the G4 units are independent and further supports that they are mainly affected by their adjacent TTA tails.
Probing the impact of TTA tails on the terminal G4 units in a tandem context
The study of the monomeric G4s formed by H21-TTA, TTA-H21-TTA and TTA-H21 sequences allowed us indirectly inferring the relative stability of G4 units in a tandem context according to their position. To directly probe the impact of TTA tails on the two terminal G4 units in a tandem context (the one at the 5 0 end and the one at the 3 0 end), we studied the following sequences TTA-H45 and H45-TTA (Table 1 ). The tandem structure formed by TTA-H45 is composed of a 5 0 terminal G4 flanked by a TTA tail and of a blunt 3 0 terminal G4; the tandem structure formed by H45-TTA is composed of a blunt 5 0 terminal G4 and of a 3 0 terminal G4 flanked by a TTA tail. The T m values of TTA-H45 and H45-TTA were 55 and 57 C, respectively; they were lower than the T m of H45 (59 C), i.e. the structure composed of two blunt terminal G4s (Fig. 7) . In agreement with results obtained on monomeric G4s, these data demonstrate that also in a tandem context (i) a terminal G4 units (5 0 or 3 0 ) is destabilized by the presence of a flanking TTA tail; (ii) a TTA tail at the 5 0 terminal G4 unit destabilizes the G4-core to a larger extent than a TTA tail at the 3 0 terminal G4 unit, in other words that the stability of the 3 0 terminal G4 unit is less affected by a TTA flanking tail than the stability of the 5 0 terminal G4 unit.
Discussion
In the past ten years, a few studies have addressed the question of the stability of structures formed by long telomeric strands. Some lines of evidence of spontaneous folding into contiguous G4 have been provided. Nevertheless, the published data (mainly limited to two and three potential contiguous G4) do not yet allow drawing a clear picture of the stability of these higher-order structures and no study has provided an interpretation of the observed stabilities of these structures. The aim of this study was to provide (i) a clarified picture of the stability of telomeric tandem G4 structures as a function of the number of G4 units and of boundary sequences and (ii) an understanding of the diversity of their melting behaviors in terms of the single G4 units composing them.
We proved that both types of sequences, (GGGTTA) n¼7,11,15 GGG and TTA-(GGGTTA) n¼7,11,15 GGG-TTA, fold into tandem G4s, thus providing, for the first time, spectroscopic evidence of folding of telomeric strands into up to four contiguous G4s. We showed that the melting temperature of (GGGTTA) 7, 11, 15 GGG tandem structures decreases upon increasing the number of G4 units (59, 56 and 54 C, respectively), while the melting temperature of TTA-(GGGTTA) 7, 11, 15 GGG-TTA tandem structures is independent of the number of G4 units (50 C).
To explain the reasons of these different behaviors, we represented telomeric tandem G4 structures as the sum of G4 units suitable flanked by TTA tails (as shown in Fig. 3 ). TTA-(GGGTTA) 4mÀ1 GGG-TTA structures are composed of m G4 units, which are identical in terms of flanking sequences (all of them, the two terminal G4s as well as the inner G4s, are flanked by TTA tails at both their sides). (GGGTTA) 4mÀ1 GGG structures are composed of three types of G4 units of different stabilities: a 5 0 terminal G4 (mimicked by H21-TTA, displaying the highest stability), m À 2 inner G4 units (mimicked by TTA-H21-TTA, displaying the lowest stability), and a 3 0 terminal G4 (mimicked by TTA-H21, displaying an intermediate stability). This explains why, in contrast to TTA-(GGGTTA) 7, 11, 15 GGG-TTA, the stability of (GGGTTA) 7, 11, 15 GGG structures decreases with increasing number of G4 units (two, three and four). A reasonable prediction is that, if the G4 units are independent (as suggested by our results on the impact of (TTA) n linkers on the stability of a tandem structure), then, upon further increasing the number of G4 units, the stability of (GGGTTA) 4mÀ1 GGG structures should not decrease indefinitely, but should approach the stability of an inner G4 unit. This reasonable hypothesis is difficult to prove experimentally, because of the difficulty to synthetize and accurately characterize sequences bearing more than a few G4 units.
Our conclusions about the relative stabilities of the G4 units as a function of their position in (GGGTTA) 4mÀ1 GGG structures were drawn from results obtained with individual G4s (H21-TTA, TTA-H21-TTA and TTA-H21), and they were supported by results obtained with dimeric G4s (H45, H45-TTA and TTA-H45). We also carried out melting experiments followed by fluorescence on the three G4 units of the H69 sequence individually labeled with a fluorescein and a tetramethylrhodamine. The double-dye labeled inner G4 unit displayed the lowest thermal stability, while the double-dye labeled 5 0 and 3 0 terminal G4 units displayed higher stabilities (Fig. S1) . Nevertheless, results obtained with labeled G4 units must be interpreted with caution: labeling affects the stability of a G4, so that information obtained on labeled units cannot be directly transposed to unlabeled units.
A rough estimation of the stabilities of a G4 unit in a (GGGTTA) 4mÀ1 GGG tandem context when moving from the 5 0 toward the 3 0 end along the strand is provided by Gibbs free energy changes (DG 0 ) extrapolated from an analysis of melting transitions of H21-TTA, TTA-H21-TTA and H21-TTA sequences (Table 1) . For these three sequences, fitting according to a two-state model was satisfactory (Fig. S2) . This is consistent with what reported by Petraccone et al. for a similar sequence (TTA-H21-TT), for which analysis of melting revealed negligible intermediate species [30] . H21-TTA (mimicking the G4 unit at the 5 0 end of (GGGTTA) 4mÀ1 GGG structures) is significantly more stable than TTA-H21-TTA (mimicking an inner G4 unit) (DG 0 (37 C) of À5.6 and
À3.2 kcal mol
À1
, respectively). In contrast, TTA-H21 (mimicking the G4 unit at the 3 0 end of (GGGTTA) 4mÀ1 GGG structures) has a DG 0 (37 C) of À3.5 kcal mol
, just slightly more stable than TTA-H21-TTA.
Importantly, this rough estimation of Gibbs free energy changes also suggests that the stability of a G4 unit at the 3 0 end of a telomeric strand is not strongly affected by the presence of terminal nucleotides. These conclusions about the effect of TTA flanking tails on the 5 0 and 3 0 terminal G4 units in a tandem context were also supported by the differences in stabilities displayed by H45, H45-TTA and TTA-H45 structures. Our results explain some data reported by Petraccone et al. [30] : why adding a TT tail at the 3 0 extremity of two and three tandem structures formed by (TTAGGG) 8, 12 sequences has not a strong impact on the global stability of the formed structures.
Overall, our results support that telomeric tandem G4 structures are composed, to a good approximation, of independent G4 units and that the stability of each G4 unit in a tandem context is mainly affected by its adjacent TTA tails. Nevertheless, telomeric tandem G4s are not perfectly equivalent to the sum of non-linked G4 units: compared to the tandem structures formed by (GGGTTA) 7, 11, 15 GGG sequences, the melting profiles of mixes of non-linked G4s were shifted by 3e4 C toward higher temperatures; similarly, the TTA-H21-TTA G4 has a higher thermal stability (T m ¼ 55 C) than the global structures formed by TTA-(GGGTTA) 7, 11, 15 GGG-TTA sequences (T m ¼ 50 C). According to NMR published studies, flanking nucleotides drive the folding of the H21-core sequence into different conformations, depending on their position (5 0 -side, 3 0 -side or both sides), by establishing stabilizing interactions with the G4-core [17,19e22] . Likely, in a tandem context, these stabilizing interactions may be impaired, since each TTA linker is shared by two adjacent G4s. This in turn may affect the conformation and the stability of the G4 units when switching from a single G4 unit to a G4 unit in a tandem context. In other words, "free" TTA tails are not equivalent to "shared" TTA tails, with respect to the possibilities of stabilizing interactions with a G4-core. This impact of free or shared TTA tails on the stability of a G4-core may also explain why, despite identical thermal stabilities, the melting profiles of TTA-(GGGTTA) n¼7,11,15 GGG-TTA structures are not strictly identical at temperatures below T m (Fig. 5C ). To a first approximation, we proposed that TTA-(GGGTTA) 7, 11, 15 GGG-TTA tandem structures are composed of non-interacting G4 units of identical stabilities; if this were the case, their melting profiles would be identical. Nevertheless, at temperatures below T m , the fraction f of folded G4 units decreases upon increasing the length of the sequence (as it can be directly assessed from Fig. 5C ). For example, at 37 C, f decreases from 0.96 to 0.87 to 0.83 upon increasing the number of G4 units from 2 (n ¼ 7) to 3 (n ¼ 11) to 4 (n ¼ 15), respectively. It is noteworthy that the difference in the fraction of folded G4 units between the dimeric and the trimeric structure (f ¼ 0.96 and f ¼ 0.87, respectively) is greater than the one between the trimeric and the tetrameric structure (f ¼ 0.87 and f ¼ 0.83, respectively). This behavior may be explained by a slightly higher stability of the two terminal G4 units compared to inner G4 units. Indeed the tandem structure formed by TTA-(GGGTTA) 4mÀ1 -TTA sequence (m ¼ 2, 3, …) is composed of a 5 0 terminal G4 unit, m À 2 internal G4 units and a 3 0 terminal G4 unit. If the G4 units are independent, then the folded fraction f of G4 units at a given temperature is given by:
where f(5 0 Q) is the folded fraction of the 5 0 terminal G4 unit, f(iQ) is the folded fraction of an internal G4 unit and f(3 0 Q) is the folded fraction of the 3 0 terminal G4 unit. The difference between the folded fraction of the G4 units of a structure composed of m units (f m ) and the folded fraction of G4 units of a structure composed of m þ 1 units (f mþ1 ) is then:
If the stabilities of the 5 0 and 3 0 terminal G4 units are higher than the stability of an internal G4 unit then this difference is positive and decreases with increasing m. This is what observed for TTA-(GGGTTA) 7, 11, 15 GGG-TTA structures. Likely, compared to inner G4 units, the conformations of the two terminal G4 units may be slightly stabilized by favorable interactions with their free TTA flanking tails. From a biological standpoint, our study provides information about the global and local stability of tandem G4 structures at the 3 0 -overhangs of human telomeres. Concerning the global stability, for the longer telomeric sequence we studied (99 nucleotides), we estimated, by analysis of melting profiles, that, under nearly physiological salt and temperature conditions (100 mM KCl, 37 C), about 80% of the potential G4 units are folded. Concerning the local stability, our study provides interesting information about the relative stability of the very last G4 unit, the one formed at the very 3 0 end of a telomeric overhang. In human cells, the termination of the telomeric 3 0 -overhang is variable, with a preference for TTAG 3 0 , TTA 3 0 and TT 3 0 terminations [39] . Our results on the impact of flanking tails on the stability of the G4-core formed by H21 strongly suggest that, under nearly physiological conditions, the terminal G4 unit at the very 3 0 end of a telomeric overhang should be roughly as stable as an inner G4, disregarding the 3 0 termination (at 37 C, TTA-H21 and TTA-H21-TTA G4s have similar stabilities). This implies that proteins binding to telomeric overhangs have to deal with structural G4 units of similar stabilities, disregarding the 3 0 termination of the telomeric overhang. It is noteworthy that if telomeres ended with a 5 0 -(instead of a 3 0 -) overhang, this would not be the case: the very last G4 on a hypothetical 5 0 -overhang ending with GGG 5 0 would be much more stable that the inner G4s (at 37 C, H21-TTA is more stable than TTA-H21-TTA). The biological role of tandem G4 at telomeres, in particular at the 3 0 -overhang still remains elusive. The telomeric 3 0 -overhang participates in capping and regulation of telomeres. Folding of a transiently exposed telomeric 3 0 -overhang into tandem G4s might provide protection from binding of non-shelterin proteins or modulate their binding, as suggested by recent in vitro studies [14, 15] . G4s at human telomeric 3 0 -overhang might have a capping function, when normal capping is impaired, as it has been suggested in a budding yeast [6] . Are G4s at telomeres functional or just challenging structures? May be both. What is evident is that evolution has preserved the potential of human telomeric sequences, and, in particular, of the telomeric 3 0 -overhang to fold into tandem G4s.
Conclusions
In conclusion, our study provides an explication of the stability of telomeric tandem G4 structures as a function of the number of G4 units and of boundary sequences. (i) We explain, in terms of the single G4 units composing the tandem structures, why the stability of (GGGTTA) 4mÀ1 GGG structures decreases with increasing number of G4 units, whereas the stability of TTA-(GGGTTA) 4mÀ1 GGG-TTA structures does not. (ii) We provide an explanation of the stability of a G4 unit in a tandem context. Our work supports that the inner G4 units have similar stabilities, whereas the stabilities of the terminal G4 units are modulated by their flanking nucleotides: in a TTA-(GGGTTA) 4mÀ1 GGG-TTA tandem context, the terminal G4 units are roughly as stable as the inner G4 units; while in a (GGGTTA) 4mÀ1 GGG tandem context, the G4 at the 5 0 extremity is more stable than the G4 at the 3 0 extremity, which in turn in more stable than an inner G4.
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